C ONFINED swine feeding operations in the southern United States produce large quantities of waste that are typically flushed into anaerobic lagoons to facilitate digestion (Welsh and Hubbell, 1999) . The resulting effluent is a solution containing multiple nutrients, including N, P, K, Ca, Mg, and micronutnents and is considered a good source of organic fertilizer (Sutton et al., 1982) . To prevent lagoon overflow, permits require surrounding pasture and croplands to be irrigated with swine effluent. This practice not only provides a method of manure disposal, but also provides nutrients for crop growth. Adeli and Varco (2001) found similarity in N and P availability between anaerobic swine lagoon effluent and commercial fertilizer and indicated no significant difference in forage yield and grass assimilation of N and P between both nutrient sources. In the southeastern United States, swine effluent is generally applied as fertilizer to forage crops for hay production (Brink et al., 2003; Burns et al., 1990) . Several researchers have reported that swine effluent has been applied to crops with varying yield response Westerman et al., 1983; Brink et al., 2003) . Application of swine effluent to the soil improves soil fertility by increasing plant availability of macronutrients (P and K) and micronutrients (Cu and Zn) in the zone of application Liu et al., 1998; Adeli et al., 2002) .
In practice, animal waste application rates are routinely based on crop N requirements (Sharpley et al., 1993; Sims, 1995) , yet crop nutrient removal is often less than the quantity of nutrient applied . For instance, Burns et al. (1985) indicated that N recovery by coastal Bermudagrass across a 7-year period averaged 73%, 57%, and 34% for swine effluent N application rates of 335, 670, and 1340 kg/ha, respectively. Phosphorus recovery was 41%, 28%, and 17% with effluent application rates equivalent to 78, 153, and 301 kg P/ ha, respectively. Adeli and Varco (2001) found that the N/P ratio of swine lagoon effluent, collected from 1994 through 1998 on the same farm, averaged 6.3:1, however, N/P uptake ratio in harvested Bermudagrass-received swine effluent was 10:1. Therefore, the long-term application of swine effluent is expected to increase the accumulation of P in the soil.
Although research indicates that manure is beneficial to crop production as long as application rates are in the range of crop requirements (Evans et al., 1977) , the long-term animal manure application to pasture land and forages has increased the potential for soil nutrient accumulation (Daniel et al., 1998; Sistani et al., 2004) . The capacity of soils receiving animal waste is varied and depends on physical, chemical, and biological properties of the soils. For example, Adeli et al. (2006) reported that soil nutrient accumulation from broiler litter applications was much greater in a clay soil than in a sandy soil and indicated that choosing soil types that maximize nutrient removal and minimize soil nutrient accumulation can be agronomically and environmentally beneficial.
Although the effects of solid and liquid animal manures on soil properties have been well documented (Eghball, 2002; Kingery et al., 1994; Chang et al., 1990; King et al., 1990; Liu et al., 1998; Evans et al., 1977) , swine effluent is anaerobically digested and is very low in suspended solids. Therefore, long-term application of swine effluent may affect soil chemical properties differently than solid or liquid animal manures. Improving swine effluent management to benefit both agricultural production and the environment requires an understanding of the fate of derived swine effluent constituents and their impacts on soil chemistry changes. The objective of this study was to evaluate the effects of long-term intensive swine effluent applications on nutrient accumulation and chemical changes in soils with differing pH.
MATERIALS AND METHODS
This study was conducted on the premises of a commercial swine facility located near Crawford, Mississippi, on three soil types: an alkaline Okolona silty clay (fine, smectitic, therruic, Oxyaquic Hapluderts), an acid Vaiden silty clay (very fine, smectitic, thernuc, Aquic Dystruderts), and a Brooksville silty clay loam (fine, smectitic, thenTuc, Aquic Hapluderts) having an approximately neutral pH. Soils are representative of the blackland Prairie major land resource area and initially tested very low (Vaiden) to low (Okolona and Brooksville) in P as determined by Mississippi State Soil Testing Laboratory (Table 1 ). All soil series are located in one farm adjacent to the confined swine facilities. The initial chemical characteristics of soils are shown in Table 1 .
Anaerobic swine lagoon effluent rate and timing were similar for all soils. During effluent application, the lagoon was not agitated, and effluent was taken approximately 3 ft deep inside the lagoon. Water-soluble P and inorganic N (NH 4 + NO3 ) comprise the greatest proportion (85%) of total N (TN) and P concentration of swine effluent ( Table 2 ), indicating that swine effluent is chemically similar to commercial fertilizer as presented in the work by Adeli and Varco (2001) .
Anaerobic swine effluent had been applied using a center-pivot irrigation system or traveling spray gun at rates ranging from 10 to 15 cm ha -1 year 1 . Anaerobic swine lagoon effluent was applied to the adjacent forages from April through October each year. Forages were harvested by contractors two times per growing season. In all three soils, forage species were summer annual crab grass (Digitaria species), and foxtail (Setaria species), Bermudagrass (Cynodon dactylon (L.)), and Johnsongrass (Sorghum halepense (L.)). Grasses were naturally established in all three soils at the beginning of swine lagoon effluent application. With continuing effluent application over the years, Johnsongrass was in all three soils. Grasses were irrigated with swine effluent taken from an anaerobic lagoon. Depending on weather conditions and rain events, swine effluent was applied between five and nine times each year from April through October. The amount of swine effluent applied after each irrigation was measured using meteorological rain gauges placed along the radial axis of the center-pivot system and traveling gun. After each irrigation, swine effluent was collected from the rain gauges by the farm manager and kept frozen until analyzed. For comparison of nutrient concentrations, after each irrigation with swine effluent, one effluent sample was also taken directly from the lagoon. Electrical conductivity (EC) and pH of the swine effluent were determined using conductivity and pH meters. A total of 370 swine effluent samples were analyzed from 1990 to 2005. Effluent samples were digested for total N using a modified microkjeldal procedure described by Bremner (1996) . Swine effluent samples were filtered using 0.45-.nn filters, and total inorganic N (NH 4 + NO 3 ) was analyzed using a Lachat instrument (QC 8000 flow injection analyzer, Loveland, CO). Samples were digested using a digestion procedure (Greenburg et al., 1992) , and the digest was analyzed using inductively coupled plasma spectrophotometer (ICP) (Thermo Jarrel Ash Iris Advantage ICP, 40669, Houghton, MI) for total P, K, Ca, Mg, Na, Cu, Mn, and Zn concentrations. Forage grasses received approximately 560 k of plant available N and 70 kg P hat year for swine effluent application at the rate of 12 cm ha -i per growing season based on swine effluent N and P concentrations.
Soil samples were collected in October 2005, after 15 years of anaerobic swine lagoon effluent application. Soil samples were collected from two sites (irrigated and nonirrigated (an adjacent area outside the center-pivot spray field)) for each soil and three locations within each soil as replications using a tractor-operated hydraulic auger. In each location, six 90-cm-soil cores were randomly taken and divided into depth increments of 0 to 5, 5 to 15, 15 to 30, 30 to 60, and 60 to 90 cm. Samples were combined by depth, mixed thoroughly, and subsamples were placed into plastic bags and frozen at -4 °C until analyzed. Soil pH was determined in a 1:1 soil-water ratio using 10 g of soil (Hanna pH/ EC/TDS meter model H19813-0, Woonsocket, RI). Soil total C (TC) and TN were determined using an automated dry-combustion C/N analyzer (Model NA 1500 NC, Carlo Erba, Milan, Italy). Because of the presence of free CaCO3 in the soils, soil samples were treated with concentrated HCl to remove the carbonate. Soil biomass C and N were determined using the fumigation-extraction method of Vance et al. (1987) and Brooks et al. (1985) , respectively. Twenty-five grams of moist soil were weighed into 100-mL glass beakers and fumigated with chloroform for 24 h in a vacuum desiccator. After chloroform removal, the soils were extracted with 100 rnL of 0.5 M K2SO 4 for 30 min. Nonfumigated soils were extracted in a similar way. Soil microbial biomass C and N in the K7SO 4 extracts for fumigated and nonfumigated soil samples were measured according to the procedures used by Kalembasa and Jenkinson (1973) and Pruden et al. (1985) , respectively. Soil microbial biomass C and N were calculated as the difference between the TC and TN concentrations in fumigated and nonfumigated soils.
Soil residual NH 4 -N and NO 3 N were determined by extracting 2 g of soil with 20 mL of 2 M KC1 (1:10 ratio wt/wt) (Mulvaney, 1996) and shaking for 1 h, followed by filtration, and analyzed using a Lachat instrument. Soil samples were extracted using Mehlich 3 (Melich, 1984) , and the extracts were analyzed for the determination of nutrients using inductively coupled argon plasma spectrophotometer (ICP) (Thermo Jarrel Ash Iris Advantage ICP, 40669). Soil samples were also extracted with deionized water (1:10 soil-water ratio) for water-extractable P. Soil samples were digested using a O.S-g air-dried soil with a mixture of sulfuric acid, hydrogen peroxide, and hydrofluoric acid (Kuo, 1996) , followed by determination of total P using the ICP. To characterize the impact that the application of swine effluent has on soil sorption characteristics, sorption isotherm experiments were performed. Sorption data were collected for three soil depths: 0 to 5 cm, 5 to 15 cm, and 15 to 30 cm. Soils were air-dried, ground, then passed through a 2-mm sieve before use. Soil samples (1 g) were equilibrated with 25 ml, of a 0.01-M CaC12 solution containing 2, 5, -10, 15, 20, 30, or 40 mg L i P added as KH2PO4 in 50-nit centrifuge tubes (Nair et al., 1984) . The soil mixture was placed on a reciprocating shaker and allowed to equilibrate for 24 h at room temperature. After equilibration, the mixture was centrifuged at 3200x g. for 10 mm, and the liquid was decanted and filtered through a 0.45-gm filter (Whatman). Dissolved reactive P was measured colorimetrically (Murphy and Riley, 1962 ) using a QuickChem Autoanalyzer (Lachat Instruments, Chicago, IL).
Sorption parameters were obtained by fitting the sorption isotherm data with the Langmuir model (Langmuir, 1918):
where S is the sorbed concentration (mg kg1), Sm is the maximum sorption capacity of the soil (mg kg-1 ), K is the Langmuir binding strength coefficient (L mg), and C is the equilibrium concentration (mg L_i). Eq.(1) was fit to the sorption data using the spreadsheet method of Bolster and Hornberger (2007) and is available on-line at http://ars.usda.gov/msa/ awmru/bolster/Sorption_spreadsheets.
The General Linear Models procedure in SAS (SAS Institute, 1996) was used to perform an analysis of variance of the soil property data. Statistical differences of means were compared with Fisher protected least significant difference (LSD) at a probability level of 0.05. Fitted parameter values obtained by fitting Eq.(1) to the sorption data were statistically compared using a one-way nonlinear analysis of covariance (Hinds and Milliken, 1987) .
RESULTS AND DISCUSSIONS

Soil pH and EC
In all sites, the weighted average of soil pH across the 0-5 and 5-15 cm depths taken in fall 2005 indicated that soil pH were greater in irrigated than nonirngated sites (Tables 3 and 4) . However, compared with initial soil samples taken in 1990, long-term application of anaerobic swine lagoon effluent resulted in dropping soil pH by 0.97 (from 6.9 to 5.93 in Brooksville soil), 0.11 (from 7.5 to 7.39 in Okolona soil) and 0.88 (from 5.4 to 4. 52 in Vaiden soil) (Tables 1 and 4) . The pH values of 5.93, 7.39, and 4.52 in the Brooksville, Okolona, and Vaiden soils, respectively, are weighted averages of soil pH across the 0-5 and 5-15 cm soil depths. Long-term application of swine effluent resulted in small changes in pH in previously well-buffered calcareous Okolona soil (0.11) as compared with the Brooksville (0.97) and Vaiden soil (0.88). Dropping soil pH may be explained by leaching loss of basic ions, such as NH 4 + , Ca ++ , and Mg ++ during irrigation because of the cracking nature of soils having Vertic properties (Ermice et al., 2002) and removal of basic ions from the soil through the harvested forage during the growing season. After long-term swine effluent applications, soil pH at the 0-15 cm soil depth for the Brooksville (5.93) and Okolona (7.39) soils were either within or greater than the reference range of 5.8 to 6.5 in which most common forage crops in the southeast United States grow best (Ball et al., 1996) . However, in the Vaiden soil, pH at the 0-15 cm depth (4.52) was less than the range reported by Ball et al. (1996) .
Electrical conductivity of the soils significantly increased with application of swine lagoon effluent compared with the nonirrigated soils. Long-term swine effluent application increased EC of the soil surface (0-5 cm) from 130 gScm_i in nonirngated to 514 gScm_i in irrigated site for the Brooksville soil and from 89.9 gScm_i to 542 laScm_i for the Vaiden soil. However, EC at the surface 0-5 cm depth was not influenced by long-term swine effluent application to the Okolona soil (Fig 1) . Weighted average across the 0-5 and 5-15 cm soil depths, both pH and EC was greater in Okolona than both Brooksville and Vaiden soils (Table 4) . Soil EC and pH was in the order of Okolona greater than Brooksville greater than Vaiden at the 0-15 cm soil depth (Table 4) . Despite elevated EC from repeated annual swine effluent applications, the values were well below the threshold of 0.4 dSm 1 found to be detrimental to many crops (Liu et al., 1998) .
Soil TC and Microbial Biomass C
Although swine effluent was anaerobically digested and contains little organic matter as (Fig. 1) . For the Brooksville soil, TC decreased slightly (7%) at the surface 0 to 5 cm (from 21.37 in nonirrigated to 19.99 g kg in irrigated soil) but increased by 62% (from 9.08 to 14.8 g kg) at the 5-15 cm depth after swine effluent application (Fig. 1) . For the alkaline Okolona soil, however, TC increased slightly (4%) at the surface 0 to 5 cm (from 33.7 in nonirrigated to 35.1 g kg 1 in irrigated soil) but increased by 68% (from 16.5 to 27.8 g kg 1 )at the 5-15 cm depth after swine effluent application. The removal of forages as hay from the field, which reduced the input of C from the residue to the soil surface, could be the reason of small changes in soil C at the surface 0-5 cm depth after swine effluent application. In all soils, application of swine effluent resulted in greater changes in soil C at the lower depths compared with the nonirrigated soils. This might be related to the cracking nature of these soils (Vertic properties) and potential preferential flow of swine effluent through the cracks during irrigation or dropping plant residue into the cracks during harvesting. In addition, some of the differences in soil C at the lower depth is possibly not only attributed to the organic matter in the swine effluent but also may be related to the differences in plant root growth at the lower depth. Soil microbial biomass C in the top 5-cm soil depth was significantly affected by swine effluent application in all soils and followed the same pattern as soil TC content. Similar to total soil C, the increase in microbial biomass caused by swine effluent application was different among the soils. For example, long-term swine effluent application increases microbial biomass C by 12%, 23%, and 55% at the 0-5 cm depth compared with nonirrigated plots in Brooksville, Okolona, and Vaiden soils, respectively (Table 5) . Our results are in agreement with the work by Islam and Weil (2000a) who reported that microbial activity is primarily related to the quantity and quality of C substrates in soils. The amounts of organic matter in swine effluent could have provided the labile C substrates needed for maintenance of the microbial biomass C (Islam and Well, 2000b) . Our results are consistent with other reports that have shown that soils receiving animal manures have a larger microbial biomass C pool than the same soils receiving only chemical fertilizers (Sommerfield and Chang, 1985; Barkle et al., 2000) . Related to the role of C in the development of microbial biomass C, Fauci and Dick (1994) reported that the addition of organic residue to the and Nitrate-N kg in nonirrigated to 3.7 g kg_ 1 in the irriSoil TN, which includes both organic and gated plots (153%) for Brooksville soil and from inorganic N, significantly increased after long-1.9 g kg in nonirrigated to 3.4 g kg I in the (Table 5 and Fig. 2) . Application of swine lagoon effluent did not affect soil TN at the surface 0-5 cm depth in the Okolona soil as compared with the rionirrigated site; however, soil TN increased by 41% and 76% at the 5-15 and 15-30 cm soil depth from irrigated site compared with that of the nonirrigated site (Fig. 2) . For the other two soils, TN was also greater in the irrigated than that in nonirrigated sites. For example, TN increased by 86% and 125% at the 5-15 cm soil depth for Brooksville and Vaiden soils, respectively.
In all soils, long-term swine effluent application significantly increased soil ammonium-N content at the surface 0-5 cm depth compared with that of the nonirrigated treatments, but its concentration was lower in the Okolona soil than the other two soils (Fig. 2) . Ammonium distribution in the soil profile followed the same pattern as soil TN and significantly decreased with increasing soil depth, except in the Vaiden soil in which ammonium-N concentration was greater than the other two soils at depth less than 60 cm (Fig. 2) .
Long-term swine effluent application resulted in increasing residual soil NO 3 --N at the surface soil (0-5 cm) from 11 mg kg -' in nonirrigated to 63 mg kg -1 in irrigated site with swine effluent for the Brooksville soil and from 10 mg kg -1 to 42 mg kg -1 in the Vaiden soil, respectively (Fig. 2) . However, NO3 -N concentration at the surface (0-5 cm) in the Okolona soil slightly decreased from 14.7 mg kg in nonirrigated to 13.2 mg kg in the irrigated site (Fig. 2) . Weighted average across the 0-5 and 5-15 cm soil indicated that soil NO 3 -N concentration among the soils was in the order of Brooksville greater than Vaiden greater than Okolona (Table 4) . The lower TN, NH4 -N, and NO 3 -N concentrations at the surface 0-5 cm depth in the Okolona soil than the other two soils could be related to the potential NH 3 volatilization from the Okolona soil caused by an alkaline pH (Hoff et al., 1981) . Soil microbial biomass N at the top 5-cm soil depth was significantly affected by swine effluent application in all soils (Table 5) . In nonirrigated sites, soil microbial biomass N ranged from 50.5 mg kg -1 for the Vaiden to 58.4 mg kg -t for the Okolona soil. In irrigated sites, soil microbial biomass N ranged from 62.1 rug kg 1 for the Vaiden to 95.6 mg kg -1 for the Brooksville soil. Soil microbial biomass N followed the same pattern as microbial biomass C. For example, long-term swine effluent application increased microbial biomass N by 45%, 33%, and 18% in Brooksville, Okolona, and Vaiden soils, respectively (Table 5) . Anderson and Domsch (1985) reported that the availability of C is considered to be a limiting factor for the development of microbial biomass N.
Extractable Soil P
For both Vaiden and Brooksville soils, water-soluble P, total P. and Mehlich III P were extremely elevated at the 0-5 cm and 5-15 cm depths in the irrigated soil compared with those in the nonirrigated soil (Fig. 3) . For the Okolona soil, differences in soluble P, total P, and Mehlich III P were not nearly as great as the other two soils. In fact, water-soluble P, total P, and Mehlich III P tended to be higher in the nonirrigated than those in the irrigated soil, particularly at the surface. All the P forms mainly accumulated in the top 0-5 cm soil and significantly decreased with increasing soil depth (Fig. 3) . Although all soils were treated at the same rate and timing with swine lagoon effluent, the magnitude of water-soluble P at the 0-5 cm depth in the Okolona soil (2.97 mg kg) was much lower than those in Vaiden (28.8 mg kg) and Brooksville (34.6 mg kg') soils (Fig.  3) . Lower water-soluble P in the Okolona soil than the other two soils may be attributed to the formation of calcium phosphate complexes and precipitation at the soil surface (0-5 cm) because of the greater percentage of free calcium carbonate (CaCO 3) in the Okolona soil than the other two soils (Table 1) . Our results are in agreement with the findings of Torbert et al. (2002) who reported that soils with higher levels of CaC O3 had lower levels of soluble P released in runoff.
The weighted average of Mehlich IIIextractable P across the 0-5 and 5-15 cm soil depths increased from 1.74 mg kg' in nonirrigated to 67.9 mg kg' in the irrigated Brooksville soil and increased from 1.3 mg kg_ i in the nonirrigated to 48.5 mg k g_ i in the irrigated Vaiden soil (Tables 3 and 4) . For the Okolona soil, Mehlich Ill-extractable P at the 0-15 cm soil depth decreased by 50% (14.4 mg kg' in nonirrigated to 7.4 mg kg 1 in the irrigated soil). The quantity of water-soluble P in both Brooksville (34.1 mg kg -') and Vaiden (28.4 mg kg') soils were much greater than that in the Okolona soil (2.97 mg kg'). The very low magnitude for Mehhch Ill-extractable P and water-soluble P in the Okolona (Table 4) soil could possibly be related to adsorption and precipitation of P by the presence of free calcium carbonate in the Okolona soil (Table 1) . Soil K, Ca, Mg, Na, Cu, and Zn Long-term application of swine effluent to the Okolona, Brooksville, and Vaiden soils resulted in increasing Mehlich Ill-extractable sodium (Na), potassium (K), and calcium + magnesium (Ca+Mg) concentrations mainly at the top 30-cm soil depth (Fig. 4) . The greater Ca+Mg concentration in the Okolona soil than the other two soils is possibly related to the presence of free CaCO 3 in the Okolona soil. Because of possible displacement of Na and K on the exchange complex by Ca in the Okolona soil, soluble Na and K concentrations in the Okolona soil were much lower than those in Vaiden and Brooksville soils (Fig. 4) .
In all three soils, Mehlich Ill-extractable Zn, Cu, and Mn concentrations significantly increased at the surface (0-5 cm) soil in the irrigated soils compared with nonirrigated soils (Fig. 5) . Long-term application of swine lagoon effluent resulted in increasing Zn concentration at the surface 0-5 cm in both Vaiden and Brooksville soils and ranged from 2.1 mg kg -1 in nonirrigated to 8.0 mg kg 1 in irrigated Brooksville soil and from 1.76 mg k g_ i in nonirrigated to 9.3 mg kg 1 in irrigated Vaiden soil, suggesting the potential for accumulation of this trace element. However, the concentration of Zn at the surface 0-5 cm was much lower in the Okolona soil compared with those in the other two soils (Fig. 5) . Despite elevated concentrations of micronutrients at the soil surface from long-term swine effluent application, soil micronutrient concentrations were within the range considered normal as evidenced by Bowie and Thornton (1985) , who reported soil Cu concentrations at the range of 2-60 mg k g_ i and soil Zn concentrations at the range of 25-200 mg kg -1 are considered normal in soils. However, the potential of Zn and Cu phytotoxicity from excess input of these micronutrients into soils exists because Zn and Cu are fairly immobile in soil, and binding of Zn to unavailable forms occurs slowly in soils (Adriano, 1986) . Because of the low potential of micronutrient removal by forage grasses (Brink et al., 2001; Evers, 2002) , the accumulation of trace metals, especially Cu and Zn, at the top 0-5 cm soil depth from continued swine lagoon effluent could pose an environmental threat to adjacent ecosystems should significant runoff occur.
P Sorption
The long-term application of swine effluent resulted in statistically significant (P < 0.05) reductions in P sorption capacity at soil depths of 5-15 cm and 15-30 cm for the Brooksville soil and 0-5 cm and 5-15 cm for the Vaiden soil (Table 6 ). In addition, sorption strength (K) at the soil surface was significantly reduced for both of these soils after application of swine effluent. For the alkaline Okolona soil, however, sorption capacity was not significantly different between the irrigated and nonirrigated soils for all three soil depths tested (Table 6 ). The sorption strength at the soil surface, however, increased with, the application of swine effluent. With the exception of sorption capacity at 30-cm depth for the irrigated Okolona soil, fitted values for sorption capacity and strength all increased with depth for each soil type and treatment, findings similar to those of Holford et al. (1997) .
Our results show that the long-term application of swine effluent reduced the ability of the Brooksville and Vaiden soils to retain P at certain soil depths. The long-term application of manure to soils has been shown to decrease P sorption (Sharpley, 1996; Siddique and Robinson, 2003) . Reductions in P sorption resulting from manure application may be caused by organic matter competing with P for sorption sites and the con'iplexing of metal oxyhydroxides by the organic matter (Bhatti et al., 1998;  Ohno and Crannell, 1996; Ohno and Erich, 1997; Singh and Jones, 1976; Violante et al., 1991) . For the Vaiden soil, TC content of the irrigated soil was significantly elevated at 0-5 and 5-15 cm depths over the nonirrigated soil, suggesting that organic matter may have played a role in the observed reductions in sorption capacity at these soil depths. For the Brooksville soil, TC decreased slightly at the surface but increased at soil depths of 5-15 cut 15-30 cm after swine effluent application, again correlating well with the observed changes in P sorption capacity. For the alkaline Okolona soil, however, sorption capacity was not significantly different between the irrigated and nonirrigated soils for all three soil depths tested, although TC was significantly higher in the irrigated soils at 5-15 and 15-30 cm depths. No change in P sorption behavior after manure application to soils has also been observed by others (Laboski and Lamb, 2004; Sharpley, 1996) .
The long-term application of manure may also affect soil P sorption behavior by increasing soil test P values. For the Vaiden soil, watersoluble P, total P, and Mehlich III P were extremely elevated at the 0-5 cm and 5-15 cm depths in the irrigated soil compared with those in the nonirngated soil, correlating well with the decreased sorption capacity observed at these two soil depths (Fig. 3) . For the Brooksville soil, water-soluble P, total P, and Mehlich III P were also elevated in the 0-5 and 5-15 cm depths, but sorption capacity was significantly reduced in this soil at the 5-15 and 15-30 cm depths. For the Okolona soil, in which no reductions in sorption capacity were observed after swine effluent application, differences in soluble P, total P, and Mehlich III P were not nearly as great as the other two soils. In fact, watersoluble P, total P, and Mehlich III P tended to be higher in the nonirngated soil, particularly at the surface, and may explain why sorption strength was actually lower in the nonirrigated manure application to soils affects soil P sorption soil at the surface. Regardless of the mechanisms behavior differently depending on the soil. This involved, our results demonstrate that long-term finding is consistent with others who have Bold numbers indicate a statistically significant (P < 0.05) change in value after application of swine effluent to soils.
shown that soil P sorption capacity and strength can increase, decrease, or remain unchanged after manure application and demonstrates that the effect of long-term manure application on P sorption is still poorly understood (Holford et al., 1997; Laboski and Lamb, 2004; Sharpley, 1996; Siddique and Robinson, 2003) .
CONCLUSIONS
In all soils, soil EC was well below the threshold value found to be detrimental to many crops. Long-term application of swine effluent extremely increased soil P, residual NO3-N, and micronutrients such as Zn at the surface 0-5 cm in Brooksville and Vaiden soils. However, the concentration of NO3 -N and water-soluble P and Zn were much lower in the Okolona soil, indicating greater potential of NH 3 volatilization during application caused by an alkaline p1-I for lowering N and possible formation of calcium phosphate complexes and precipitation due to the presence of free calcium carbonate for lowering water-soluble P in the Okolona soil. In terms of N and P accumulation, alkaline Okolona soil was less affected by long-term swine effluent applications and may prolong the capacity of this soil in receiving swine effluent.
